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5DEELW$WULDO0\RF\WH
0D[[+ROPHV$ODQ3%HQVRQ2OHJ9$VODQLGL0LFKDHO$&ROPDQ
8QLYHUVLW\RI/HHGV/HHGV8QLWHG.LQJGRP
.LQJ¶V&ROOHJH/RQGRQ/RQGRQ8QLWHG.LQJGRP

$EVWUDFW
7KHV\VWHPRIWUDQVYHUVHDQGORQJLWXGLQDOVDUFROHPPDO
WXEXOHV 7V\VWHP LV REVHUYHG WR UHPRGHO LQ DWULDO
ILEULOODWLRQ $) DQG KHDUW IDLOXUH +) 7KH UHVXOWLQJ
FDOFLXP G\VUHJXODWLRQ KDV EHHQ VXJJHVWHG WR XQGHUOLH
GLVUXSWLRQV LQ H[FLWDWLRQFRQWUDFWLRQ FRXSOLQJ DQG
LQFUHDVHWKHIUHTXHQF\RIDUUK\WKPLFHYHQWVDWWKHFHOOXODU
VFDOH KRZHYHU WKHVH PHFKDQLVPV DQG WKHLU LPSRUWDQFH
DUH \HW WR EH IXOO\ GHVFULEHG $ VWRFKDVWLF ' VSDWLR
WHPSRUDOPRGHORIWKHUDEELWDWULDOP\RF\WHZDVGHYHORSHG
LQRUGHUWRVWXG\FDOFLXPPHGLDWHGDUUK\WKPLFSKHQRPHQD
DW WKH FHOOXODU VFDOH 3UHOLPLQDU\ ILQGLQJV VXJJHVW D
UHODWLRQVKLSEHWZHHQWKHVHYHULW\RIGHWXEXODWLRQDQGWKH
SURPRWLRQ RI VSRQWDQHRXV DFWLYLW\ DQG SURYLGHV LQVLJKW
LQWR WKH FRQGLWLRQV UHTXLUHG IRU WKH HPHUJHQFH RI
VSRQWDQHRXVDFWLYLW\ZLWKLQDWULDOP\RF\WHVLQ+)


 ,QWURGXFWLRQ
7KHPRUSKRORJ\RIWKHV\VWHPRIWUDQVYHUVHWXEXOHV7
V\VWHPLQDWULDOP\RF\WHVLVFRQMHFWXUHGWREHUHPRGHOHG
ZLWKLQ DWULDO ILEULOODWLRQ $) DQG KHDUW IDLOXUH +) >@
WZRFDUGLDFFRQGLWLRQVRI LQFUHDVLQJSUHYDOHQFH>@ZLWK
RQHFRQGLWLRQRIWHQOHDGLQJWRWKHGHYHORSPHQWRIWKHRWKHU
> @ 3DWKRSK\VLRORJLFDO DEHUUDWLRQV LQ FDOFLXP &D
KDQGOLQJV\VWHPVFRQVLGHUHG WR LQYROYHDOWHUDWLRQV LQ7
V\VWHP VWUXFWXUH DQG UHPRGHOHG FKDQQHO H[SUHVVLRQ DUH
VXJJHVWHGWRSURPRWHERWKGLVUXSWHGH[FLWDWLRQFRQWUDFWLRQ
FRXSOLQJDQGDQLQFUHDVLQJIUHTXHQF\RIDUUK\WKPLFHYHQWV
DW WKH FHOOXODU VFDOH >@ WKH LPSRUWDQFH RI 7V\VWHP
UHPRGHOLQJ LQ WKHGHYHORSPHQWRISURDUUK\WKPLFHYHQWV
VXFKDVVSRQWDQHRXV&DUHOHDVHUHPDLQVXQFOHDU>@
:HDLPHGWRGHYHORSDPXOWLVFDOHUDEELWVSHFLILFDWULDO
P\RF\WH PRGHO LQFRUSRUDWLQJ WKH UHOHYDQW VWRFKDVWLF
VSDWLDOWHPSRUDO&DKDQGOLQJG\QDPLFV LQ' UHTXLUHG
WRSURGXFHDSODWIRUPFDSDEOHRIVWXG\LQJ&DPHGLDWHG
DUUK\WKPLDPHFKDQLVPV

 0HWKRGV
$ FRQWHPSRUDU\ PRGHO GHVFULELQJ UDEELW DWULDO
HOHFWURSK\VLRORJ\ SURGXFHG E\ $VODQLGL HW DO > @
)LJXUH $ ZDV LQWHJUDWHG ZLWK RXU PRGHO GHVFULELQJ
VWRFKDVWLF VSDWLRWHPSRUDO &D G\QDPLFV > @ )LJXUH
%$WULDO7V\VWHPUHPRGHOLQJDVVRFLDWHGZLWK+)ZDV
LQFRUSRUDWHGLQLVRODWLRQIURPRWKHUIRUPVRIUHPRGHOLQJ
ZKLFKPD\RFFXUWKURXJKWKHUHPRYDORIVDUFROHPPDOLRQ
FKDQQHO FXUUHQWV IURP LQGLYLGXDO &DUHOHDVH XQLWV
&58V )LJXUH % UDQGRPO\ YDU\LQJ ERWK WRWDO
SHUFHQWDJHGHWXEXODWLRQRI WKHFHOODQGWKHSDWFKVL]HRI
GHWXEXODWHGUHJLRQV)LJXUH&
5DSLG SDFLQJ SURWRFROV ZHUH DSSOLHG WR ORDG WKH
VDUFRSODVPLFUHWLFXOXP65&DFRQWHQWWRSURPRWHWKH
SURSDJDWLRQ RI VSRQWDQHRXV &D ZDYHV D JHQHUDO
LPSOHPHQWDWLRQRIDSUR&DRYHUORDGFRQGLWLRQZDVDOVR
FRQVLGHUHG UHSUHVHQWLQJ UHPRGHOLQJ DQGRU DQ
LQWHUYHQWLRQ VXFK DV LVRSUHQDOLQH LQ ZKLFK ,&D/ DQG
6(5&$DFWLYLW\LVHQKDQFHG$OOVLPXODWLRQVSUHVHQWHGLQ
WKLVVWXG\WRRNSODFHLQFHOOVZLWKD&58QHWZRUNRIî
î&58VDORQJWKH;<DQG=D[HVUHVSHFWLYHO\
)LJXUH6WUXFWXUHRIWKHDWULDOP\RF\WHPRGHOVXVHG0HPEUDQHFXUUHQWIRUPXODWLRQVIURPWKH$VODQLGLHWDO>@PRGHO
RIDUDEELWOHIWDWULDOP\RF\WH$ZHUHLQFRUSRUDWHGLQWRWKH&ROPDQHWDO>@VWRFKDVWLF&DIUDPHZRUN%3DWFKHVRI
GHWXEXOXDWLRQ&ZHUHLQWURGXFHGWKURXJKWKHUHPRYDORIVDUFROHPPDOLRQFKDQQHOVDWYDULRXVVL]HVWRGHWXEXODWHVRPH
SHUFHQWDJHRIWKHFHOOWRUHSUHVHQW7V\VWHPUHPRGHOLQJ

 5HVXOWV
 $FWLRQSRWHQWLDOG\QDPLFV
7KH VWRFKDVWLF PRGHO GHYHORSHG SURGXFHV DQ DFWLRQ
SRWHQWLDO ZLWKLQ WKH UDQJHV RI H[SHULPHQWDO GDWD )LJXUH
$ DQG KDV PRUSKRORJLFDO GLIIHUHQFHV WR WKH RULJLQDO
PRGHOVXFKDVDYLVLEOHVSLNHLQWKHUDSLGXSVWURNHDQGD
WULDQJXODU PRUSKRORJ\ SULPDULO\ GHWHUPLQHG E\ D
VLJQLILFDQWO\ GLIIHUHQW F\WRVROLF &D WUDQVLHQW &D7
PRUSKRORJ\WKHVRGLXPFDOFLXPH[FKDQJHUDQG,&D/&D
LQGXFHG LQDFWLYDWLRQ%RWK WKH VWRFKDVWLFDQG$VODQLGLHW
DOPRGHOVIDOOZHOOZLWKLQWKHUDQJHRIH[SHULPHQWDO$3'V
)LJXUH % DW D EDVH F\FOH OHQJWK RI  PV 7KH $3
UHVWLWXWLRQ FXUYH LQGLFDWHV WKDW WKH VWRFKDVWLF PRGHO
SURGXFHV$3'VZKLFKDJUHHZLWKWKH$3UHVWLWXWLRQVWXGLHV
E\9HUNHUNHWDO>@DQG:RUNPDQHWDO>@)LJXUH&

 (IIHFWVRIGHWXEXODWLRQRQVWLPXODWHG
&DZDYHSURSDJDWLRQ
7KHGHJUDGDWLRQRIWKH7V\VWHPZDVVKRZQWRSURGXFH
D&D7ZLWKDSURJUHVVLYHO\VORZHUXSVWURNHDVWKHGHQVLW\
RIWKH7V\VWHPZDVUHGXFHG)LJXUH$7KHSHDNRIWKH
&D7GHFUHDVHVVOLJKWO\GXHWRWKHORZHUQXPEHURI/W\SH
&D FKDQQHOV SUHVHQW ZLWKLQ WKH FHOO EXW ZDV QRW
VLJQLILFDQWO\VPDOOHULQWKHIXOO\GHWXEXODWHGFHOOFRPSDUHG
WRFRQWURO7KHVORZHUXSVWURNHZDVDUHVXOWRIIHZHU&58V
DFWLYDWLQJLQVWDQWO\FRUUHVSRQGLQJWRWKRVHQRWFRXSOHGWR
D FOXVWHU RI /7&&V DQG WKXV EHLQJ DFWLYDWHG E\ VORZHU
SURSDJDWLRQ RI &D IURP WKH 7V\VWHP SRVLWLYH UHJLRQV
)LJXUH%
3URSDJDWLRQRI&DWKURXJKRXWWKH<=SODQHRIWKHFHOO
LVVKRZQLQHDFKRIWKHWKUHHFDVHVRIGHWXEXODWLRQ)LJXUH
& 7KHFRQWUROFHOO VKRZV IDPLOLDUQHDUVLPXOWDQHRXV
IDVWULVHRILQWUDFHOOXODU&DIROORZHGE\XQLIRUPGHFD\
7KH IXOO\ GHWXEXODWHG FHOO GLVSOD\HG UDSLG ULVH DORQJ WKH
FHOO VXUIDFH ZKLFK GLIIXVHV WKURXJK WKH FHOO H[FLWLQJ
QHLJKERULQJ&58VWKURXJKDGLIIXVLRQUHFUXLWPHQWSURFHVV
ZKLFK LV VLJQLILFDQWO\ VORZHU WKDQ D FHOO ZLWK D IXOO 7
V\VWHP 7KH SDUWLDOO\ GHWXEXODWHG FHOO GLVSOD\V D
FRPELQDWLRQ RI ERWK EHKDYLRUV ZLWK XQDIIHFWHG UHJLRQV
XQGHUJRLQJ WKHUDSLGQHDUVLPXOWDQHRXV LQFUHDVH LQ&D
WKURXJKRXW WKH FHOO IROORZHG E\ WKH &DZDYH
SURSDJDWLQJVORZO\LQWRWKHGHWXEXODWHGUHJLRQV



)LJXUH$FWLRQSRWHQWLDO$3G\QDPLFV$5DEELWOHIW
DWULDO$3VRI WKHQHZO\GHYHORSHGEOXHDQG$VODQLGLHW
DO UHG PRGHOV )LJXUH  DORQJ ZLWK D UDQJH RI
H[SHULPHQWDO$3VRQUDEELWOHIWDWULDOP\RF\WHV%7KH$3
GXUDWLRQ $3' RI WKH 6WRFKDVWLF $VODQLGL HW DO DQG
H[SHULPHQWDO $3V VKRZQ LQ $ & 7KH $3 UHVWLWXWLRQ
FXUYHVIURP:RUNPDQHWDO>@DQG9HUNHUNHWDO>@
)LJXUH(IIHFWVRIGHWXEXODWLRQRQVWLPXODWHG&DZDYHSURSDJDWLRQ$,QWUDFHOOXODU&DWUDQVLHQWIRUDIXOO\SDUWLDOO\
DQGQRQHGHWXEXODWHGFHOOLQWKHVWRFKDVWLFPRGHO%/LQHVFDQVDORQJWKH;D[LVRIWKHFHOORYHUPV&,QWUDFHOOXODU
&DVQDSVKRWVDORQJWKH<=SODQHRIIXOO\SDUWLDOO\DQGQRQHGHWXEXODWHGYHUVLRQVRIWKHVWRFKDVWLFUDEELWDWULDOP\RF\WH
FHOOPRGHO
 'HWXEXODWLRQ SURPRWHV VSRQWDQHRXV
DFWLYLW\XQGHU65&DORDGLQJ
$ WRWDO RI QLQH VLPXODWLRQV XQGHU HDFK VHW RI FRQGLWLRQV
ZHUH SHUIRUPHG WKH UHVXOWV RI ZKLFK VKRZ IHZ
XQFRPPRQVSRQWDQHRXVDFWLYLW\DPRQJGHWXEXODWHGFHOOV
ZLWKRXWWKHSUHVHQFHRIDSUR&DORDGLQJFRQGLWLRQEXW
DOO VLPXODWLRQV VKRZ VLJQLILFDQW PDJQLWXGHV RI
VSRQWDQHRXV H[FLWDWLRQ ZLWK WKH SUHVHQFH RI VXFK D
FRQGLWLRQ
7KH UHVXOWV )LJXUH  VKRZ D SRVLWLYH FRUUHODWLRQ
EHWZHHQWRWDOSHUFHQWDJHRIGHWXEXODWLRQDQGWKHDYHUDJH
PDJQLWXGHRIFKDQJHVLQ>&D@165IRUVSRQWDQHRXVDFWLYLW\
DFURVV WKH QLQH VLPXODWLRQV IRU   DQG 
GHWXEXODWLRQ 7KLV VXJJHVWV WKDW DWULDO UHPRGHOLQJ LQ WKH
IRUP RI PRGLILFDWLRQV WR 7V\VWHP PRUSKRORJ\ PD\
SURPRWHVSRQWDQHRXVDFWLYLW\KRZHYHUWKLVUHODWLRQVKLSLV
QRWOLQHDU
$ QHJOLJLEOH GLIIHUHQFH RQ WKH DYHUDJH UHODWLYH
PDJQLWXGHRIVSRQWDQHRXVDFWLYLW\DFURVVWKHSDWFKVL]HVDW
HDFK VHYHULW\ RI 7V\VWHP UHPRGHOLQJ DOVR VXJJHVWV WKDW
WKH SDWFK VL]H RI WKHVH GHWXEXODWHG UHJLRQV PD\ EH
XQLPSRUWDQW IRU WKH PDJQLWXGH RI VSRQWDQHRXV &D
DFWLYLW\ +RZHYHU WKHUH ZDV D FRUUHODWLRQ EHWZHHQ WKH
ORFDWLRQRIWKHERXQGDULHVRIGHWXEXODWHGUHJLRQVDQGWKH
RULJLQRIVSRQWDQHRXV&DZDYHV

 'LVFXVVLRQ
7KHLPSOHPHQWDWLRQRIDVWRFKDVWLF'VSDWLRWHPSRUDO
&DKDQGOLQJIUDPHZRUNWRWKH$VODQLGLHWDOUDEELWDWULDO
P\RF\WH PRGHO )LJXUH  KDV SURGXFHG D PRUH
SK\VLRORJLFDO &D7 PRUSKRORJ\ ZKLOH UHWDLQLQJ D
SK\VLRORJLFDO$3)LJXUH$%DQGDJUHHPHQWZLWKD
UDQJHRIH[SHULPHQWDO$3UHVWLWXWLRQFXUYHV)LJXUH&
&DZDYH SURSDJDWLRQ IRU D VWLPXODWHG H[FLWDWLRQ
)LJXUHSURGXFHVIDPLOLDUEHKDYLRUVIRUWKHFRQWUROFHOO
DQG D VORZHU SURSDJDWLRQ RI &D WKURXJK D GLIIXVLRQ
UHFUXLWPHQW &58 PHFKDQLVP ZLWK WKH SDUWLDOO\
GHWXEXODWHG FHOO GLVSOD\LQJ D FRPELQDWLRQ RI WKHVH
EHKDYLRUV ,QFUHDVLQJ WKH VHYHULW\ RI WKH 7V\VWHP
UHPRGHOLQJYLDLQFUHDVLQJWKHSHUFHQWDJHRIWKHFHOOZKLFK
ZDVPRGHOOHGWREHGHWXEXODWHGKDGDSRVLWLYHFRUUHODWLRQ
ZLWK WKHDYHUDJHPDJQLWXGHRIVSRQWDQHRXVDFWLYLW\RYHU
WKH VHW RI VLPXODWLRQV SURGXFHG )LJXUH  7KH UHVXOWV
VXJJHVWWKDWWKHUHPRYDORIVDUFROHPPDOLRQFKDQQHOVDVD
UHVXOW RI 7V\VWHP UHPRGHOLQJ SURPRWHV VSRQWDQHRXV
DFWLYLW\LQDJUHHPHQWZLWKWKHILQGLQJVRI6RQJHWDO>@
ZKLOHWKHVL]HRIWKHUHPRGHOHGUHJLRQVKDYHQRVLJQLILFDQW
HIIHFW RQ WKH DYHUDJH PDJQLWXGH RI WKHVH VSRQWDQHRXV
HYHQWV
,QLWLDODQDO\VLVLQGLFDWHVWKDWUHGXFHG&DHIIOX[ZLWKLQ
WKH GHWXEXODWHG UHJLRQV SURPRWHV VSDUNLQGXFHGVSDUN
SURSDJDWLRQ DQG WKXV WKH GHYHORSPHQW RI ZKROHFHOO
UHOHDVH HYHQWV IURP &D VSDUNV ,QFUHDVHG LQIOX[ DW WKH
ERXQGDU\RIDGHWXEXODWHGUHJLRQFRPSDUHGWRZLWKLQWKH
GHWXEXODWHG UHJLRQ SURGXFHV FRQGLWLRQV ZKLFK SURPRWH
65&DLQFUHDVHDQGWKXVPD\ORFDOL]HWKHRULJLQRIWKHVH
UHOHDVHHYHQWVWRWKHVHERXQGDU\UHJLRQV
7KHHPHUJHQFHRIVSRQWDQHRXV$3VLQWKHDWULDKDVEHHQ
DVVRFLDWHGZLWKDUUK\WKPRJHQLFWULJJHUVIRU$)2XUVWXG\
SURYLGHVLQVLJKWVLQWRWKHFRQGLWLRQVIRUWKHHPHUJHQFHRI
VXFK WULJJHUV DV ZHOO DV FHOOXODU PRGHOV WKDW FDQ EH
LQWHJUDWHGLQWR'DWULDOPRGHOVWRVLPXODWHVXFKWULJJHUV
&XUUHQWO\HYHQKLJKO\GHWDLOHG'DWULDOPRGHOV>@
UHO\ RQ IDVW SDFLQJ IRU WKH LQLWLDWLQJ RI $) DQG WKH
LQWURGXFWLRQRIDQDWXUDOWULJJHULQJPHFKDQLVPZLOOSURYH
YDOXDEOH LQ IXUWKHULQJ WKH XQGHUVWDQGLQJ RI WKH FRPSOH[
PHFKDQLVPVXQGHUO\LQJ$)


)LJXUH   (IIHFWV RI GHWXEXODWLRQ RQ SURPRWLQJ
VSRQWDQHRXV DFWLYLW\ $ UDQJH RI GHWXEXODWLRQ VHYHULWLHV
SHUFHQWDJHRIWRWDOGHWXEXODWLRQDQGVL]HVVHH0HWKRGV
XQGHUZHQWDJHQHUDOLPSOHPHQWDWLRQRID3UR&DORDGLQJ
FRQGLWLRQVXFKDVLVRSUHQDOLQHLQZKLFKܫ஼௔௅DQG6(5&$DFWLYLW\LVHQKDQFHG7KUHHSORWVRIWKHVDPHSDWFKVL]HDUH
VKRZQ $V UDEELWV DUH NQRZQ WR KDYH ORZHU WWXEXOH
GHQVLWLHVGHWXEXODWLRQFDQEHFRQVLGHUHGDVDFRQWURO
 &RQFOXVLRQ
$FRPSXWDWLRQDOPRGHORI D UDEELW OHIW DWULDOP\RF\WH
KDV EHHQ SURGXFHG IURP WKH $VODQLGL HW DO UDEELW DWULDO
PRGHO DQGRXUPRGHORI VWRFKDVWLF ' VSDWLRWHPSRUDO
&D KDQGOLQJ 7KH PRGHO SURGXFHV D SK\VLRORJLFDO $3
PRUSKRORJ\ DQG UHSURGXFHV$3'G\QDPLFVREVHUYHG LQ
H[SHULPHQWDO VWXGLHV $ UHSUHVHQWDWLRQ RI 7V\VWHP
UHPRGHOLQJ ZDV LPSOHPHQWHG DORQJ ZLWK D JHQHUDO SUR
&DORDGLQJFRQGLWLRQ7KHPRGHOLVFDSDEOHRISURGXFLQJ
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